To solve the increase cost of acquisition of multivariate information and the impact of the rapidity of diagnosis system in processing multivariate data, we proposed a novel fault diagnosis method for three-phase inverter based on wavelet packet transform and the probabilistic neural network, which can further improve the accuracy of open-circuit fault diagnosis. The wavelet packet transform is used to extract the feature vector of the output voltage of three-phase inverter. The probabilistic neural network has strong tolerance and can be employed to classify the feature vector. The simulation results show that the method has better diagnosis accuracy, which can diagnose the open-circuit fault effectively. Keywords: Three-phase inverter, fault diagnosis, wavelet packet transform, probabilistic neural network.
INTRODUCTION
With the progress of photovoltaic power generation technology and the increasing scale of grid connected distributed generation system, the fault diagnosis of distribute generation system is becoming more and more important. The most core grid connected invert is prone to over-voltage, over-current, short-circuit and open-circuit fault. For short-circuit faults, a large short-circuit current will occur in a short time, and the power transistors can be quickly protected by regulating the soft turn-off time and over-current protect threshold value [1] . The open-circuit fault of the power transistor will lead to the distortion of the output current waveform and the abnormal operation of the power transistor. In order to prevent the serious accidents caused by the open fault of power transistors, it is necessary to diagnose the faults of inverter in a timely and accurate style. This will be more convenient for maintenance personnel work and reduce the loss of power station income.
There is no uniform classification of fault diagnosis methods. From the current mainstream technology and application research work in general, it is mainly divided into __________________________ College of Information Engineering, Xiangtan University, Xiangtan 411105, Hunan, P.R. China This work was supported in part by the Natural Science Foundation of Hunan Province under Grants 15C1327 and 2016JJ3125, and in part by the Scientific Research Project of Xiangtan University under Grants 15XZX31 and 16XZX30. model method, knowledgeable method and signal processing method [2] [3] [4] . Because of the mathematical model of the converter is not precise enough, it restricts the application of the mathematical model method in the fault diagnosis of the power electronic convert. For the signal processing method, the theory of wavelet transforms application to fault detection and classification in a power system has long been discussed [5] , the wavelet analysis method can preserve the time domain information and local characteristic of the signal well. The knowledgeable method mainly includes pattern recognition, neural network, and expert system and support vector machine. In this paper, the wavelet packet analysis is adopted to extract the feature vector of the open-circuit fault output voltage which is used as the original signal. The probabilistic neural network is used to establish the fault classifier. Simulation results show that this method has better performance for fault diagnosis of three-phase inverse.
THREE-PHASE INVERTER TOPOLOGY AND OPEN-CIRCUIT FAULT ANALYSIS
The three-phase inverter topology in a grid-connected distribute generation is shown in Figure 1 . A total of six power transistors for two level inverters are presented. The six power transistors operate in the high frequency switching state so as to complete the inversion process from DC to AC. VT ଵ to VT are the power switch devices. As the power switch device short-circuit fault requires fast protection, which usually need to be completed by hardware. The probability of fault in passive components and open-circuit fault in a plurality of power switch devices are small, so we only analyze open-circuit fault in single power switch device. Figure 1 . The Topology of Three-phase Inverter for Grid-connected Distribute Generation System.
Based on Matlab/Simulink, a fault diagnosis simulation model of the topology of the three-phase inverter is established as shown in Table I . We judge the fault characteristics by collecting the current information. The simulation experimental waveforms of normal output current is shown in Figure 2 , the output current simulation waveforms of open-circuit fault in single power switch device are shown in Figure 3 . We can find that the output current waveforms are distortion in Figure 3 . When a switch is open circuit, the output current waveform may lose a half period of waveform, A-phase current distortion is very serious, A、B and C-phase current are distortion with a high harmonic component. From the description of the fault analysis and the actual three-phase output current waveform, the characteristics of each fault type are different, which will lead to the three-phase current of the output waveform is different. So it is feasible to make full use of the three-phase current information to realize fault diagnosis.
THE FAULT FEATURE EXTRACTION BASED ON WAVELET PACKET TRANSFORM
Wavelet packet analysis is the extension of multi-resolution analysis, and the signal is analyzed more precisely [6] . Wavelet transform only decomposes the low frequency part of the signal, and the high frequency part is no longer continue to decompose, so the wavelet transform can't decompose and express the signal that contains a lot of details. Wavelet packet transform can provide more detailed decomposition of the high frequency part, and this kind of decomposition is no redundancy, no omission. Wavelet packet transform improve the time frequency resolution rate and extract the fault characteristics effectively.
(1,1) Wavelet packet schematic is shown as Figure 4 . ߤ , ‫)ݐ(‬ is wavelet packet function:
Where n is oscillation parameter, ݆ ∈ ܼ and ݇ ∈ ܼ denote as scale parameter and translation parameter. When n=0,1; j=k=0, the initial two wavelet packet functions are defined as Eq. (2). ߤ ‫)ݐ(‬ is the orthonormal scaling function, ߤ ଵ ‫)ݐ(‬ is the orthogonal wavelet function.
The initial wavelet packet function satisfies the two scale equation defined as Eq. (3).
Where h(k) and g(k) denote as low-pass filter coefficient and high-pass filter coefficient in corresponding multi-scale analysis respectively. When ݊ = 2,3, ⋯, other wavelet packet functions are satisfied as Eq. (4):
A set of functions ሼߤ ‫,})ݐ(‬ ݊ = 0,1,2, ⋯, defined by Eq. (4), It is called the wavelet packet with regard of orthogonal scaling function φ(t). For a set of discrete signals ‫,)ݐ(ݔ‬ wavelet packet decomposition and reconstruction algorithms defined as Eq. (5) By using the wavelet packet transformation method, we decompose the output response signal in state of normal or fault. The energy of each frequency band is normalized as a feature, which inputs the probabilistic neural network to train and test. The energy of the ith band can be defined as Eq. (7) 
According to the above analysis process, The energy value of each frequency band of three-phase current is normalized, the feature vectors of fault signal in Figure 3 are extract based on wavelet packet transformation shown in Table II. From the above data, we can obtain that the feature is different, the fault types can be determined by using probabilistic neural network to classify the feature vectors of the output current. 
FAULT DIAGNOSIS BASED ON PROBABILISTIC NEURAL NETWORK
Probabilistic neural network (PNN) is a kind of artificial neural network with simple structure, simple training, and wide application [7] . Probabilistic neural network has the advantage of using linear learning algorithm to complete the work of the previous nonlinear learning algorithm and maintaining the high accuracy of nonlinear algorithm. PNN is a kind of neural network which can be used in pattern classification, and its essence is a parallel algorithm based on Bayesian minimum risk criterion. Compared with BP network, its main advantages are as follows:
1) The speed of training is fast. The training time is only slightly longer than the time of reading data. 2) No matter how complex the classification problem, as long as there are enough training data, PNN can guarantee the optimal solution under the Bayesian criterion. 3) Allowing training data to be increased or reduced without having to undergo a long period of training. The network structure of PNN is shown as Figure 5 , q is input sample; ‖dist‖ is the distance between the input vector and the weight vector; ܽ ଵ is the ith element of vector ܽ ଵ ; ଵ,ଵ is the ith row vector of the weight matrix ଵ,ଵ ; ଵ is the input of gauss function; ଶ is the input of the competition function; ଵ is the threshold, which uses to regulate the sensitivity of neurons; is the number of the input vector elements; is the number of the input target samples; is the number of classes of the input vectors, the same as the number of neurons in the second layer; Figure 5 . The Structure of Probabilistic Neural Networks.
The principle of PNN network: Firstly, the first layer calculates the distance between the input sample and the training sample; The second layer combines all the categories related to the input sample, the network outputs the vector representing the probability and selects the output through the second layer competition transfer function [8] . The neuron of the highest probability outputs one, the output of other neurons is zero. As the number of fault samples increases, the pattern class neurons will increase. With the accumulation of fault experience knowledge, probabilistic neural network can be extended laterally, and the ability of fault diagnosis will also be improved.
The specific training steps of PNN are as follows:
1) The output current of the inverter is sampled, each fault is sampled 150 sets of data at a certain time interval. 2) we select 130 × 7 sets of data randomly, each group of data are decomposed into three layers by wavelet packet method.
3) The eigenvector matrix ܶ and the fault type encodings are used as the inputs of PNN, then PNN trains rapidly. 4) we select 20 × 7 sets of data as ܶ ௧௦௧ randomly, ܶ ௧௦௧ are repeated step three, then ܶ ௧௦௧ input the trained PNN to verify the performance of PNN classifier.
The flow chart of fault diagnosis based on PNN is shown in Figure 6 . 
SIMULATION EXPERIMENT AND DISCUSSION
The feature vector of each fault signal are extracted based on wavelet packet transform in section 3rd, as shown in Table II . According to the topology of three-phase inverter, normal state and six kinds of fault states can be identified, it is shown in Table III . The fault encoding is binary system, there are seven binary bits in total. The kinds of fault tag are seven, each tag belongs to a fault type. Support vector machine is an important algorithm in pattern recognition domain [9] . For linear separable problems, support vector machine finds the optimal classification hyper plane in the original space; For linearly inseparable problems, SVM transform the samples from the original space into a high-dimension feature space (Hibert space) by using the nonlinear transform Φ(•). Extreme learning machine (ELM) is a new algorithm based on the signal hidden layer feedforward neural networks [10] . The algorithm only needs to set up the node number in neural network hidden layer (the number of node is the number of samples in this experience). ELM can produce the sole optimal solution and has the advantages of fast learning speed and good generalization performance. The fault diagnosis result based on different classification methods are shown in Figure 7 -9, we can find detailed information about the fault diagnosis. For example, In Figure 6 , when the fault tag is five, the number of test samples are nineteen, the number of samples for correct classification are sixteen, so the accuracy is 84.2%. From the Table IV , we can find the PNN total accuracy of fault diagnosis reaches 97.1%, the SVM total accuracy is 89.1%, the ELM total accuracy is 93.5%. Thus, the fault diagnosis method based on PNN has better classification performance.
CONCLUSION
In this paper, the fault current characteristics are extracted by wavelet packet method in order to fully extract the output current information of three-phase inverter. Meanwhile, PNN is used to get better classification performance. The simulation and comparison results show that this method is more accurate and effective. However, there are still shortcomings in this paper, we also need to prove the method on the hardware platform, and so we will build a hardware platform and verify the effectiveness of the algorithm in the next stage.
